/  A0-A126  726 COMPARISONS  BETWEEN  THEORETICAL  AND  EXPERIMENTAL  1/1' 

'  DEUTERIUM  ISOTOPE  EFFECT.. (U)  PURDUE  UNIV  LAFAYETTE  IN 

DEPT  OF  CHEMISTRY  M  J  WEAVER  ET  AL.  MAR  83  TR-13 
UNdASSIFIED  N00014-83-K-0086  F/G  7/4  NL 


MICROCOPY  RtSOLUTICN  TEST  CHARI 


^4126726 


OFFICE  OF  NAVAL  RESEARCH 
Contract  N00014-83-K-0086 


TECHNICAL  REPORT  NO.  13 


Comparisons  between  Theoretical  and  Experimental  Deuterium 
Isotope  Effects  for  Some  Outer-Sphere  Electrochemical  Reactions 


Michael  J.  Weaver  and  Tomi  T.-T.  Li 
Prepared  for  Publication 
in  the 


Journal  of  Physical  Chemistry 
Department  of  Chemistry 
Purdue  University 
West  Lafayette,  IN  47907 


March  1983 


•  .•  'i  ^  % 

rt. 

.,v 


Reproduction  in  whole  or  in  part  is  permitted  for 
any  purpose  of  the  United  States  Government 


This  document  has  been  approved  for  public  release 
and  sale;  its  distribution  is  unlimited 


88  04  13  097 


SeCURITY  CLASSIFICATION  OF  THIS  PAGE  fltJlFn  Oat*  Entered) 


REPORT  DOCUMENTATION  PAGE 


4.  TiTlE  (snd  Subtillti) 


READ  fNSlRO'CTIONS 
BEFORE  COMFLKTlN(i  FORM 


RECIPIENT'S  catalog  NJMBER 


5.  TYPE  OF  REPORT  &  PERIOD  COVERED 


^  th  4.  -1HC  Technical  Report  No.  13 

Comparison  between  Theoretical  and  Experimental 

Deuterium  Isotope  Effects  for  Some  Outer-Sphere 

Electrochemical  Reactions 


6.  performing  ORG  REPORT  NUMBER 


AU  THORf  5) 


Michael  J.  Weaver  and  Tomi  T.-T.  Li 


8.  CONTRACT  OR  GRANT  NuMBER^sj 


N00014-83-K-0086 


PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 


'0.  PROGRAM  ELEMENT,  PROJECT  TASK 
AREA  S  WORK  UNIT  kjmSERS 


Department  of  Chemistry 

Purdue  University  j 

West  Lafayette,  IN  47907 _ ! _ 

11  CONTRCLLINGOFFiCENAMEANDAOORESS  T|2  RfFOPTDATF 

Office  of  Naval  Research  i  March  1983 

Department  of  the  Navy  prr" numrer  of  pJCEs 

Arlington,  VA  22217  _ 


MON  I  TORI  N  G  AGENCY  NAME  ft  ADDRESS- if  dit/e/onf  iron.  i~  ■.rirollittfi  Off'cel  {  IS  SEC<;R.  V  CLASS  'c'  this  rrr'-n 

1  Unclassified 


iSa  OECl  ASSiP’^C  AT.CN  OOANJRA 

schedule 


16  D'S'^RiauTiON  statement  i'oI  ihiA  T'>r 


Approved  for  Public  Release;  distribution  unlimited. 


17.  Distribution  statement  (of  the  abetrert  entered  fn  Block  20.  it  diffeteni  ftorr  KeporfJ 


19  KEY  WORDS  fContiryite  on  rev^’tae  side  if  rxecesamry  and  ideritlfy  by  block  number) 

Deuterium  Isotope  Effects,  Outer-Sphere  Electron  Transfer, 
Nuclear  Tunneling,  Solvent  Effects 


20  ARS^^ACT  fCont/nu«  on  reverse  aide  if  necexaary  and  Identify  by  block  number; 

Experimental  deuterium  isotope  effects  upon  the  rates  of  outer-sphere 
electrochemical  exchange  reactions  involving  aquo  and  amnine  complexes  ar^ 
compared  with  the  predictions  of  comtemporary  theories  which  take  into  account 
nuclear  tunneling  from  inner-shell  vibrational  modes.  The  isotope  rate 
ratios  calculated  by  considering  nuclear  tunneling  of  metal-ligand 
vibrational  modes  u-  in  most  cases  much  smaller  than  the  observed  rate  ratios. 
Significant  additional  contributions  may  arise  from  nuclear  tunneling 
associated  with  internal  ligand  stretching  modes,  although  this  is  estimated 


DD  ,  :°n"”,  1473 


Unclassified 


security  classification  of  THIS  PAGE  .  »*7»en  Date 


ECURcTy  CLASSIFICATION  OF  THIS  PAGEfNTiwi  0«(«  Enluttil) 


to  be  unlikely  to  account  for  the  very  large  isotope  effect  observed  for 
hexaaquochromium{III)/(II).  The  disparities  seen  between  theory  and  experiment 
are  speculated  to  be  due  to  a  contribution  to  the  outer-shell  reorganization 
energy  from  reorientation  of  hydrogen-bound  solvent  molecules.  This  conclusion 
is  supported  by  the  marked  disparities  seen  between  the  relative  isotope  rate 
ratios  for  corresponding  electrochemical  and  homogeneous  reactions  in  comparison 
with  the  predictions  of  the  dielectric  continuum  model. 


NTI3  CRAii  I 

OTIC  TAi» 

UuaQaouxi'Tod  £ 

J»3tUlc«tloa _ 

- 

_PJl9trlbotloo/ 


Unclassified 


SECUBITT  classification  of  this  PAGEfltTi»n  Data  Enlarad) 


We  have  recently  found  that  significant  and  even  substantial  rate 
decreases  occur  for  a  number  of  one-electron  electrocliemical  reaetJuns 


involving  aquo  and  ammine  complexes  at  the  mercury-water  interface  upon 

replacing  the  aqueous  solvent  with  D^O. ^  Such  solvent  isotope  effects  may 

arise  from  diffciences  in  the  interactions  between  the  complex  and  the 

surrounding  solvent  as  well  as  from  changes  in  tac  inner-shell  barrier  to  elec 

tron  transfer  due  to  replacement  of  hyurogen  by  deuterium  in  the  reactant 

)  2 

coordination  sphere  ("primary"  isotope  effect).  ’  The  observed  i.sotope 
effects  arc  much  larger  than  those  predicted  by  the  classical  model  of 
eiiter-sphere  election  transfer.  i'his  treats  the  irticr-shcl  1  (metal-1  igani  I 
contribution  to  the  I'ranck-Condon  barrier  in  terms  of  a  harmonic  osc'llator. 
and  cite  outer-shell  (solvent  repolarization)  component  by  using  tlic  dielectric 
continuum  approximation.'^  Moreover,  even  the  relatlvr  isotope  rate  ratios 
for  outcr-spiiere  electrocliemical  and  homogeneous  reactions  involving  the  same 
red.ox  couples  were  found  to  differ  substantially  from  the  prediction.s  of 
this  model.*'  It  was  speculated  that  the  observed  electrochemical  isotope 
effects  are  associated  chiefly  with  differences  in  the  extent  of  ligand-solvent 
)i}drogen  bonding  in  D^O  and  H^O.* 

It  has  recently  been  pointed  out  that  contcmjiorary 
models  of  electron  transfer  which  provide  a  quantum-mechanical  description 
of  inner-.shcl  I  reorganization*  predict  significant  jirimary  isotope  effects 
for  systems  with  large  inner-shell  barriers-  These  cl  i  en  ts  arise  from  t  !ic  decrea.s 
the  degree  of  nuclear  tunneling  when  the  ligands  are  dcuterated.  In 

principle,  the  comparison  of  experimental  isotope  effects  with  these 
theoretical  predictions  should  provide  a  sensitive  test  of  the  applicabi 1  it} 
of  such  models  for  describing  the  inner-shell  vibrational  modes.  .cim  h 


in 


a  comparison  for  the  electrochemical  kinet  ic  eti'r.  is  iljid  tod  in 


ref.  1  is  i;ivon  in  the  present  cumiiiiinicat  Lon .  I'he  t'iiuliip.;s  iiiiiilicate 
the  importance  of  hydrogen  bonding  between  the  inner-stiell  ligands  and 
surrounding  water  molecules  to  tlie  electron-transfer  energetics. 


Aquo  Redox  Couples 

Table  I  contains  a  summary  of  the  observed  rate  ratios  for  electro¬ 
chemical  exchange  fk*^  )  ,  ,  fi.e.  ratios  of  "standard"  rate  constants) 

*  ^  ex  ex  ob 

„  3+/2+  ,3+/2+  3  +  /2+  .  5+/2+  ,  , 

tor  ^*’aq  (where  "aq"  represents  aquo  ligands) 

at  mercury  electrodes  upon  replacing  l^OwithD^O  solvent.  I'hcse  rate  ratios 

are  taken  from  ref.  1;  they  are  corrected  for  electrostatic  double-layer 

effects.^  The  uniform  finding  that  (k*^*  /k*^  )  ,  >1  indicates  that  ligand 

and/or  solvent  deuteration  yields  significant  increases  in  the  intrinsic 

electrochemical  barriers;  i.e.  in  the  activation  free  energy  in  the  absence 

of  an  electrochemical  driving  force.  Listed  for  comparison  in  Table  1  are 

calculated  values  of  k*^  /k*"  ,  ( k*^  /k*^  J  ,  ,  obtained  from  a  "semiclassical" 

c,\  ex  ex  ex  calc 

4  9 

treatment  of  outer-sphere  electron  transfer  using  the  relation 

(k^‘  /k^  )  ,  =  (v'Vv^)  exp  {  (AGf  (T),,  -  AGf  (T)„1/RT}. 

ex  ex  calc  n  n^  ^  ‘  in  Ml  in  Ml 


'  out  'll’ 


(la) 


In  Eqn.  (la),  AGf^^(T)j^  and  AGf^(,T)j|  are  the  (temperature  dependent)  inner-shell 

4 

intrinsic  barriers  for  the  deuterated  and  protonated  reactants,  and 

and  (AGf^)^  in  Eqn.  (lb)  are  the  corresponding  "classical"  barriers;  the  former 

4 

quantities  include  the  effects  of  nuclear  tunneling  which  is  expressed 


separately  in  llqn.  (lb)  as  a  ratio  of  nuclear  tunneling  factors^  ^‘n' "n' ' 

Ihe  terms  (AG*  ),,  and  (AG*  ^),,  in  Kqn.  (la)  represent  the  outer- shell 

barriers  in  1)^0  and  H^O  solvent;  in  Hqn.  (lb)  the  outer-shell  vont  ributior: 

to  the  isotope  effect  is  expressed  instead  as  tlie  preexponent iai  ratio 

The  remaining  term  in  F.qn.  (1),  '  >  is  the  corresponding 

ratio  of  the  nuclear  frequency  factors  On  the  basis  of  a  "pjreequi  1  i hr iuni" 

model  of  outer- sphere  reactions,  is  related  closely  to  the  freciuenc)’  of 

4  ‘  1  1) 

inncr-shi'ii  vibrations.  The  quantity  can  therefore  be  taken  as 

approximately  equal  to  the  ratio  of  the  symmetric  metal -oxygen  frequencies' 

1- 

tor  Oil,  and  01'^,  i.e.  (20/18)^  =  l.O.S.  The  outer-shell  contribution 
1! ,  1' 

ik  /k  is  c.stiinated  to  be  1 .  from  tiio  dieleriric  continuum  model,  using 

O  J  1 1 

the  typical  reactant  radius  of  d.5  ami  a  reactant -el ectrodc  distance  of  '  a. 

4 

The  inner-sheli  harriers  were  calculated  from 

hv 


AG*  ,Tj  -  tanhl-^V) 


tn 


in 


4kT 


(-*.! 


where  is  the  effective  (average)  frequency  of  the  inner-shell  motion 
in  tiie  two  oxidation  states,  the  "classical"  component  being  determined  irom 


2  2'’  2 

.AG*  -  O.S  n  V  TT  c^m  Aa 
in  in 


I  o  ) 


whore  n  is  tlie  number  of  bonds  required  to  be  stretched  {or  compressed), 
i:  is  the  ligand  mass,  and  Aa  is  the  difference  in  bond  distances  between 
the  oxidised  and  reduced  form.s  of  the  complex.  Note  that  A(,t  will  be 
unaffected  by  ligand  deuteration  provided  that  the  force  constants  remain 
the  same  (i.e.  =  constant),  as  is  normally  observed.  Ihc  sole  contri¬ 

bution  to  the  isotope  effect  upon  AGt^^f”)  is  then  contained  in  the  nuclear  tunneling 
ratio  [Eqn.  (lb;|.  [The  presence  of  the  factor  0.5  in  l.qn.  (5) 


4 


arises  because  only  one  reactant  has  to  be  activated  for  electrochemical 

exchange,  rather  than  a  pair  of  reactants  as  for  the  more  commonl) 

4 

encountered  homogeneous  sel t-exchange  process. j 

ihe  values  of  (k"  /k^  I  ,  given  in  Table  1  were  obtained  by  assuming 
ex  ex  calc 

that  the  only  contribution  to  arises  fiom  meta  1 -oevgen  (M-OH.,; 

vibrations.  The  average  stretching  frequency  v.  was  t.iken  as  4.SU  cm  '  for 

4  c  '  o  _ 

M-OH,;  Aa  is  known  to  be  0.14  A  for  Fe’  “  and  a  20A  im'  Cr  which  enabl. 

2’  aq  aq 

H 

(k  /k  )  for  these  two  couples  to  bo  found  from  E(|ns,  (i.)-(-5),  given  chat  n~6, 

ex  ex  caic 

and  h=18  or  20  for  or  M-OD.,  vibrations,  resptdct  i  vely .  Reliable  values  of  Aa  are 

us  \'et  unavailable  for  the  remaining  redox  couples  V^"*^^**  and  Lu^  .  Nevertheless,  the 
values  of  AG*  required  for  Kqn.  (2)  were  obtained  instead  fri'iij  tne  calculated  value 

of  A(j^  for  (4.2  kcal  mol  h  bv  assuming  that  the  variations  in 

in  aq  ^  ' 

i  +  /2  + 

the  observed  values  of  k  between  Fe'  and  these  two  couples  were  due 

ex  ail  ' 

18 

onlv  to  differences  in  A(i*  .  The  overall  free  energv  barriers  to  clectro- 

in 

chemical  exchange,  used  for  this  purpose  (Table  1)  were  obtained  from 

k  using  AG*.  =  -RTin  (k  /Z  ),  taking  the  frequency  factor  to  he 
GX  CX  CX  C  ^ 

5  ,x  10^  cm  sec  each  case  v.  for  M-OlU  was  taken  as  430  cm 

in  2 

20 

variations  in  this  quantity  with  the  nature  ot  the  metal  ion  are  onl>-  moderate 

and  unlikely  to  influence  the  result  substantially. 

Comparison  of  corresponding  values  of  (k^^  /k^  )  ,  and  (k**  /k*^  }  in 

CX  cxol)  CX  cxcalv 

Table  I  reveals  that  the  observed  values  are  substantially  larger  than  the 

calculated  quantities  for  Fe^*'^'^*,  and  especially  for 

^  aq  aq  ‘  '  aq 

although  the  relatively  small  value  of  .k^  /k*^  )  ,  for  l;u'^*^“*  (1.11  is 

CX  CX  ob 

close  to  1.15).  We  have  previously  suggested  that  a  major 

part  of  the  observed  isotope  effects  could  be  due  instead  to  a  larger  outer-shell 
reorganization  barrier  in  D^O  arising  from  ligand-solvent  hydrogen  bonding.^ 


5 


rhoso  aquo  redox  couples  are  known  to  involve  a  substantial  din.inution  in 

the  extent  ot'  outer-shell  solvent  polarization  in  ^oin^  from  the  oxidized 

’  21 

to  t!.e  reduced  state, so  that  signiticant  cleavage  of  ligana-sclvent 

h>\irogei'.  bonds  arc  probably  necessary  in  order  to  approach  the  transition 

st.te  for  reduction  of  the  tripositive  aquo  cation.  Such  a  component  of 

the  intrinsic  reorganization  energy  is  expected  to  be  greater  in  DtO  as  a 

re.iult  of  the  tendency  of  tfie  deutecated  solvent  to  fo’';]i  stronger  ,,nd  ivorf 

extensive  hydrogen  bonds.  Such  an  effect  is  not  considered  in  current 

theoretical  models  wliich  uniforml>  a.ssume  tfiat  the  outer- sliol  I  solvent 

reorgiinizati on  can  be  descril ed  in  terms  of  a  dielectric  continuum. 

•\n  alternative  explanation  of  the  unexpectedly  large  values  oi 

ik"  /'k^'  )  .  is  that  thev  arise  from  nuclear  tunneling  associated  with  0-H 

ligand  vibrational  modes.  Altiiough  these  modes  probably  constitute  or.iy  a 

minor  lomponent  of  the  overall  I'ranck-Condon  barrier,  their  high  frequencies 

2’’ 

-1 

gca.  3,200-.'),400  cm  )  can  result  in  substantial  contributions  to  the 

8 

nuclear  tunneling  factor  and  hence  to  the  observed  isotope  rate  ratios  ’ 

llnpi.  (2)].  This  possibility  was  explored  in  the  following  manner.  Estin.ates 

of  the  difference  in  the  0-H  bond  di.stance,  for  the  aquo  ligands 

in  tile  reduced  and  oxidized  complexes  were  obtained  by  assuming  that  the 

differences  betweecn  corresponding  values  of  fk^^  )  ,  and  (k**  /k*''  ) 

ex  ex  ob  c.x  cx  calc 

are  due  entirely  to  inner-shell  0-H  vibrations.  This  entailed  inserting 
trial  values  oi  Aa^  into  Eqn.  (3),  assuming  that  n=12,  5,20;j  cm 

until  agreement  was  reached  between  the  observed  isotope  rate  ratios  and 
the  values  of  (k^*  /k^  )  ,  arising  from  this  component  together  with  the 

other  factors  considered  above.  The  resulting  estimates  of  03^  arc 
al.so  listed  in  i'able  1.  By  and  large,  these  values  are  somewhat  greater 


6 

than  the  usual  variations  in  0-H  bond  distances  (ca.  0.02-0,03  A)  determined 


by  neutron  diffraction  for  coordinated  water,  including  that  hydrogen  bound 
to  surrounding  water,  for  a  variety  of  crystalline  hydrates  containing  multiva 
23  24 

metal  cations.  ’  Admittedly,  the  0— H  bond  in  coordinated  water  wil] 

probably  be  significantly  elongated  upon  increasing  the  charge  of  the  centra! 

metal  ion  as  a  result  of  the  combined  effect  of  the  lareer  polarising  cliartc 

and  greater  hydrogen  bonding  with  surrounding  water  molecules  oriented  in 

24 

tiie  enhanced  local  field.  Nevertheless,  in  particular  the  estimated  value  of 

for  0.09  X,  seems  unreasonablv  large.  Tlie.sc  results  suggest  i  nat 

aq 

factors  are  at  least  partly  responsible  for  the  observed  isotope  effects, 

most  likely  from  specific  outer-shell  rcorganitation  as  noted  above. 

Both  these  e.xplanations  for  the  observed  isotope  effects  invoke  the 

specific  involvement  of  outer-shell  solvent  molecules.  In  this  context  it 

is  interesting  to  note  that  the  electrochemical  isotope  rate  ratios  for 
2+  2  + 

and  oxidation  are  substantially  (factors  of  3-4  fold)  larger  than 

expected  from  the  observed  solvent  isotope  ratios  for  their  homogeneous 

oxidation  by  Co(NH,)^^  on  the  basis  of  the  usual  Marcus  electron-transfer 

model. ^  This  model  presumes  that  the  inner-  and  outer-shell  components  of 

the  overall  free  energy  barrier  arise  from  separable  contributions  due  to 

each  reactant  that  are  the  same  (or  similar)  in  the  electrochemical  and 

homogeneous  environments.  While  this  should  be  approximately  correct  for 

the  inner-shell  harrier  since  the  metal-ligand  vibrations  are  unlikely  to 

be  affected  greatly  by  the  surroundings,  the  reorganization  energy  of  the 

nearby  solvent  is  liable  to  be  sensitive  to  the  chemical  and  electrostatic 

28 

environment  in  which  the  reactant  undergoes  activation.  The  structure  of  the 
surrounding  Solvent  is  indeed  expected  to  be  markedly  different  for  related 
electrochemlc.il  and  homogeneous  processes.  Thus  the  latter  reactions  involve 
close  approach  of  a  pair  of  multicharged  cations  which  is  expected  to  disrupt 
the  aquo  ligand  solvent  hydrogen  bonding  in  the  region 


lent 


otlier 


J 


between  the  twe  reactants.  The  mercury  surface  should  e.xhibit  a  'uilder 

jierturbation  upon  the  reactant  solvation  since  the  interfacial  region  contains 

only  a  small  net  charge  density  at  the  electrode  potentials  at  whicli  the 

electrochemical  kinetics  were  monitored.  Indeed  there  is  evidence  from  studi.s 

of  electrochemical  double-layer  effects  that  the  secondary  hydration  splieic 

sii  r  round  ing  the  .iifuo  complexes  rcm.ijns  at  loast  partly  int  set  in  the  t  ran.'-:  i  ti.on 

state  at  the  mercury-aqueous  Interface. Consequently,  the  magnitude  of 

the  isotope  effect  arising  from  ligand-solvent  hydrogen  bonding  is  expected 

to  be  quite  different  in  these  nomogeneous  and  heterogeneous  environments. 

The  relative  raagnitude  of  the  effect  is  difficult  to  predict.  However,  the 
H  D 

observed  larger  k  /k  ratios  obtained  in  the  latter  environment  are  consistent  witi 
greater  changes  in  the  solvent  poLarization  required  to  surmount  the  ftank-Condon 
barrier  for  electrochemical  processes  aris.ing  from  the  more  extensive  bydr'  :ger; 
''■'iiditig  in  the  e]  ec  troidiemi  cal  compared  witli  homogeneous  transition  stat.'-. 

It  Is  interesting  to  note  that  the  magnitude  of  tlio  observed  isotoiie 
r.ite  ratios  ■  related  closely  to  the  site  of  tlie  thermodynamic 

isotope  effects  as  measured  by  the  difference  in  the  formal  potentials, 

,  for  a  redo.x  couple  in  D,0  and  H^O  solvents.  Thus  the  substantial Iv 
larger  value  of  for  compared  with  that  for 

ll.lj  is  mirrored  by  differences  in  of  57  and  9  mv ,  respectively^^ 

viable  [).  These  thermodynamic  isotope  effects  appear  to  be  due  at  least 


in  part  to  an  entropic  destabilization  of  the  tripositive  oxidation  state 
upon  deutcr.ation  associated  with  ligand- solvent  hydrogen  bonding,^  vicldine 
gre.iter  differences  in  solvent  polarization  ("ordering"]  between  the  oxidized 
.ind  reduced  forms  in  b^O.  As  noted  above,  sucIi  enhanced  structural  differences 
could  also  yield  larger  intrinsic  barriers  in  |)-,0  resulting  from  tlic  need 
to  undergo  greater  changes  in  solvent  polarization  in  order  to  form  the 
nonequilibrium  configuration  appropriate  for  electron  transfer.^  Tlie  values 


are  surprisingly  small  in  comparison 


H 


with  those  for  the  other  ac(uo  couples.  A  possible  e.xplaiiat  ion  is  that 


V 


.5*/2+  3+/2+ 


,  and  Cr 


involve  electron  transfer  inti'  3d  orbitals, 


aq  aq  aq 

yielding  significant  differences  in  the  electron  density  of  the  aquo 
32 


hydrogens,  and  hence  the  extent  of  ligand-solvent  hydrogen  bonding  (and 

the  0-H  bond  length),  between  the  two  oxidation  states.  These  differences 

3+/  ’  + 

should  be  smaller  for  the  tu'  couple  since  the  electron  is  transferred 

aq 

into  a  4f  orbital  which  is  shielded  from  the  ligand  orbitals. 


Ajnmine  Redox  Couples 

Redox  couples  containing  ammine  ligands  are  of  particular  interest  in 

studies  of  isotope  effects  since,  in  contrast  to  aquo  complexes,  the  ammine 

hydrogens  can  be  deuterated  independently  of  the  surrounding  solvent.^ 

Substantial  rate  decreases  were  obtained  for  one-electron  reduction  of 

CrlMI,)^*,  and  related  complexes  at  a  constant  electrode  potential 

E  at  the  mercury-aqueous  interface  upon  deuterating  the  ammine  ligands.  lines, 

for  Co(NH-J^*^“*  the  observed  isotope  rate  ratio  equals  2.3 

in  aqueous  solution.^  Theoretical  interpretation  of  these  results  is  hampered 

by  an  absence  of  information  on  the  formal  potentials  for  these  couples  on 

account  of  the  instability  of  the  divalent  ammines,  so  that  the  required 

values  of  k  are  unknown.  However,  there  is  evidence  that  the  difference 
ex 

in  formal  potentials,  AE^  ,  for  Co(ND^)^  versus  lo(NH^)^  is 
small  and  positive  mv).^  Although  the  formal  potentials  themselves 

are  uncertain,  accurate  knowledge  of  li^.  is  unnecessary  since  the  values  of 

NH  ND  E  1 

(,k  /k  were  found  to  be  essentially  independent  of  potential.  (Decreases 

in  isotope  ratios  are  predicted  as  the  driving  force  is  increased  since  the 

7 

extent  of  nuclear  tunneling  will  thereby  be  diminished.  However,  this 


dependence  should  be  scarcely  detectable  for  the  moderate  range  of  overpotentials 
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ovei'  wluch  tile  elect  rochemical  kinetics  jii  ref.  1  were  nonitor-cJ.  > 
Therefure  the  required  value  of  the  isotope  rate  ratio  i'or  c  1  cct  lav  he...  i  .  1 1 


exchange  of  CoiNli.,)'’  ^  .  ,  can  be  estimated  froiii  the 

.•>0  ex  ex  on 


;  oij'-er'.  '.  .. 


\alue  of  by  correcting  for  the  isotope  effeci  upon  the  dri.ir.v 

1 

lorcc  usiny 

,,NH,..NL)  ..Ml  ,.NU  1'.  ,  ,  ...M'-.Mi 

(k  /k  )  .  =  (k  ,k  1  ,  +  exoi' li-.af.  .  ,  il  I 

e.x  ex  0  0  ob  t 

where  a  is  the  electrochemical  transfer  coefficient  foi  Lti.Ml-/"'  reduc  t  i  oo. . 

S'  h 

Inserting  the  above  values  of  lk^*^Vk'^^*  I  .uid  into  lain.  I'l  and 

o  o  t 

assuming  that  a  =  0.5  vields  the  estimate  i  :  ,  ...5. 

ex  e.'.  of' 

ihe  corres'ponding  theoretical  prediction  using  hqn>  .  ,  1  ;  -  i  .i  >  is 

,  -  li,  D  h  “da  -1 

obtained  from;  i.'.  -'v  I  =  iJO'lTi^  =  1 .  OS ,  .la  =  0.22  =  4o9  cm 

n  n  in 

yielding  i.k'  ..^1^^)  ,  =  1.18.  INo  outer-slieli  contributii',:  is  included 

ex  ex  calc  *■ 

in  tills  estimate  since  the  solvent  was  not  deuterated. ]  ^gain,  this 

calculated  isotoi'c  ratio  is  much  smaller  than  the  experimental  \alae  o!  2  .  .5 . 

We  have  noted  previously  tiiat  tlie  corresponding  isotopi  imtio  [k‘'‘ K''‘ 

tor  the  homogeneous  reduction  of  Co(NH-)^  by  Crvbpyj*^  in  ;ix\ucous  soUiriL-n 

(whet''  bpy  =  2 , 2  ^ -bipyridine)  is  markedly  smaller  U.3S)  than  i  1 

3 

tor  Co(iNH,)^  electrorcduction  i.2.5)  even  though  tlie  Marcus  model  predic;.< 

ciiual  isotope  ratios  under  tliese  conditions.^  i'his  discropanvv  seems  1 1 1  .  .  • 

to  be  ilue  to  the  same  causes  as  tliose  discussed  above  in  c.nnection  wift.  the 

observed  similar  behavior  of  the  aquo  couples.  ihe  observation  that 

(k^'*/k‘'‘*^)  ,  >(k‘'^*Vk^^1  ,  for  electrochemical  exchange  ma\’  tlicrefore  be  again 

ex  ex  ob  ex  ex  calc 

due  to  the  effects  of  specific  ligand-solvent  hydrogen  bonding,  altiiougli  the 

extent  of  such  interactions  appears  to  be  smaller  than  for  OLherwi>c  cinil.ii  ciquo 
21 

couples.  Unfortunately,  there  appears  to  be  no  direct  intormation  on  the 


cf  complexation  and  hydrogen  bonding  on  N-ll  bond  distances.  The  N-li  bonds  arc 


prc  suiii.ibl  y  1  ..■.•'.y  t  hoiiL'a  slightly  in  poii'.i;  !  ro;-.-.  t.  i  jiNil.b’*  m 

view  oi'  ll'o  minor  (c.t  liui  cm  doorcase  in  ti'.c  N-H  ^  trot  oniny  t  roiiai.'nv  los , 
ilouovcr,  there  appear-,  to  be  little  int'lo.eiiee  on  tla-se  bonds  t'ror,  hedroyeii 
bonding  uithtln,'  surruundin^;  solvent  on  the  basis  ot  the  ver;.  similar  \-ii 
streteiiiny  treijaencies  i>bserved  in  ervst.illine  solids  and  in  aipieuus  scdution. 
buhks  et  al  aav  e  rt'^enlly  ealeiilated  an  .sotope  rat  lo  id’  1  .  Jo  t'nr  t  ne 


ettect  ot'  liinii'i  deateration  ap.';; 


ho 'o.  eiieou-.  v  lt'  e.\etiani;i 


at  ds°t:  usin^  a  sin.jlar  ipi'iniaeb  >'.-.ed  l.  <  .j.i.dit  a::,  -see  h..  n  i  e  a  1  'liudel.  Miis 

rosvil  t  cor  responds  to  a  value  ot  .ijprox  irnatel>  *  -  !  .  ;  J  t'or  either  ele.tr.- 

chemteal  exchange  I'r  homoeeiieods  "ex.  Ininye"  oi  (a  Nil.  ''  ”  mtli  an  inert 

<  • 

eoreactant.  »  l  The  s.pa.ire’  root  arises  troii;  the  i  nvol eK'.ent  of  onl>’  one 

•)  -t-  '  J  * 

LO(Nll-)^  ceuide  in  the  ex^hanpe  reactions  rather  tiian  a  pair  of  reactants 

as  in  honioceneous  sell'  exchaneel* '■  I  lu' dif  f  ereniie  between  this  value  of  '  , 

eX  I  calc 

and  that  noted  above  il.l.s'  arises  chiefly  from  the  larper  value  of  .‘di  for 
i*.  2*  5 J 

Co(NH-.)^  used  here.  But-.k.s  et  al  noted  that  tlieir  predicted  value  of 

(.k^*^Vk''^l  ,  is  s ipn  1  f icant  1  V  smaller  than  the  expen  i.mentnl  value  (l.'ib)  for 

ex  ex  calc  ■  •  ‘ 

5  + 

Co{NH,)^^  reduction  by  Cr(bp.vit  ,  and  also  suggested  that  the  discrepancy  max 

be  due  to  an  additional  contribution  to  the  latter  from  high  frequencx-  N-1! 

y  , ,  ,  d  ^  3"t" 

modes.  Similar Iv  to  the  electrochemical  isotope  ratio  for  CofNH  )  reduction 

3  6 

tliat  is  discussed  above,  this  experimental  value  for 
ob 

homogeneous  reduction  using  a  fixed  reductant  will  differ  from  that  for  true 
homogeneous  "exchange"  of  Co(NH.)^^^^  on  account  of  the 

change  in  the  driving  force  upon  deuteration  of  the  ammlne  ligands.  Assuming 

that  AE  for  Co(NH  equals  7  mv,  using  Eqn.  (4)^^  a  value  of  (k^^/k''*^) 

'  >0  fx  ex  ob 

equal  to  1.55  is  obtained  for  Co(NH^)  "exchange"  with  Cr  (bpy)  again 


noticeably  larger  than  the  calculated  values. 
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k  /k*^  for  homogeneous  self  exchange  was  calculated  to  be  '  0.90  using 
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for  liquid  L)^0.  The  original  literature  values  for  np  for  D^O  are  .slightly^hlgher 
than  those  for  IItO  over  a  range  of  temperatures  at  the  same  wavelength 
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using  the  usu;il  dielectric  continuum  expression'  reads  to  k'Vk'*  =  1.08. 
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' WorK-corrected  rate  constant  for  electrochemical  exchange  of  gixeii  reJox 
couple  at  mercur) -aqueous  interface;  from  ref.  i. 


ree  energy  of  activation  for  electrochemical  exchange,  detcrniineu 

k  using  Ad*  =  KT{.n(k  /Z  ),  where  Z  is  taken  as  1  x  10^  cm  -s 
ex  ex  ex  e  c 


from 

ec-1. 


‘Ratio  of  observed  value  of  k  determined  in  H,0  to  that  in  D-O;  from  ref.  1. 

ex  2  2 

^'(lalcuLated  '.'alae  of  /k^  obtained  using  Fqns.  (l)-(5l  assuming  that  inner- 
shell  component  arises  from  metal-oxygen  vibrations  (see  text). 

‘Difference  in  formal  potential  in  D2O  to  that  in  H^O  at  ionic  strengths  D.1-0. 
iiieisured  versus  an  aqueous  s.c.e.;  from  ref.  2. 

^Lstimated  difference  in  average  0-H  bond  distance  for  aquo  ligand  between 
oxidised  and  reduced  forms  of  redox  couple;  obtained  as  outlined  in  text. 


